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I. Introduction and Background
This project is directed at a fundamental problem -the damaging effect of high formation temperature on drilling tools, materials, and processes in geothermal wells. When drilling fluid gets too hot, it can irreversibly deteriorate in its ability to carry the drilled cuttings, can increase drill pipe corrosion by orders of magnitude, can shorten the life of bits and other downhole tools, can prevent the use of downhole motors and electronic instrumentatiordtools, and can even affect borehole stability and well control. Each of these problems can be attacked by individual technology developments, but all of them can be solved or greatly mitigated by simply cooling the downhole environment with insulated drill pipe (IDP), which delivers drilling fluid to the bottom of the hole at a much lower temperature than conventional drill pipe (CDP).
Of the potential problems listed above, usually the most significant is the inability to use downhole motors and instrumentation. Because geothermal reservoirs usually have vertical or high-angle fractures, the greatest productivity is gained by directionally drilling along a trajectory to intercept the maximum possible number of fractures. This can be done with conventional rotary drilling, but orienting and maintaining the hole trajectory is very time-consuming and the typical hard, abrasive formations in geothermal reservoirs cause accelerated drill pipe wear when the pipe is rotated in a deviated hole. If cooler drilling fluid in the wellbore environment will allow the use of downhole motors (which turn the bit without rotating the drill string) and electronic steering/survey tools, then reservoir productivity can be maximized at minimum drilling cost.
Conventional rotary drilling uses steel drill pipe with drilling fluid circulating down the pipe, passing through the bit to clean the hole-bottom, and returning up the annulus between the pipe and borehole. Because the drill pipe is an effective counter-flow heat exchanger, drilling fluid temperatures inside and outside the pipe are very similar to each other at any given depth (see Figure 1 -the left-hand side of each curve is temperature inside the drill pipe and the right-hand side is temperature in the annulus between the drill pipe and wellbore). Fluid temperatures also tend to follow the formation temperature. In a given formation, downhole temperatures are affected by many drilling parameters -fluid flow rate, rate of penetration, fluid properties, bit-jet sizes, and the like -but sensitivity studies have shown that these factors are minor in comparison to the thermal conductivity of the drill pipe. Figure 1 shows the temperature reduction with IDP compared to conventional drill pipe in a 10,000 foot geothermal well, assuming that water is circulated at a rate of 500 gpm. These temperatures are calculated with the GEOTEMP2 thermal simulator.
Several important aspects of this scenario are illustrated by the figure.
. Bottom-hole temperature is reduced from 401OF with CDP to 1660F with IDP. This is the temperature that downhole motors, steering tools, or measurementwhile-drilling (MWD) instrumentation must survive. It is important to note that the bottom-hole cannot be effectively cooled by only lowering the mud inflow temperature; in the situation illustrated by Figure 1 , for example, lowering the inflow temperature by 400F only lowers the bottom-hole temperature by 250F. Fluid return temperatures are 1630F for CDP and 1960F for IDP. Although this may mean that surface mud coolers will be required with IDP, it also indicates that more heat is being removed from the wellbore, and therefore formation temperatures will be lower after drilling with IDP. This will be highly beneficial for cementing casing. Development of IDP, therefore, will further Sandia's goal of reducing the cost to drill and complete geothermal wells.
Background: Insulated drill pipehas a longhistory. Sandiaworked onthis conceptin the early 1980s for "application to the Magma Energy Program. Thermal and mechanical analyses were done at Sandiaz~?~Q. Contracts for feasibility studies and preliminary designs of double-wall IDP were placed with two companies experienced in manufacturing insulated tubing for steam injection. The California Energy Commission provided grant money for this project, but a state budget crisis forced them to rescind the award at about the same time the DOE ended the Magma Energy Program.
The concept lay dormant at Sandia since then, but recently Drill Cool Systems (DCS) of Bakersfield, CA, has become interested in pursuing IDP as a business line. They built three joints of prototype IDP, did preliminary tests to evaluate the effective thermal conductivity of the pipe, and ran these joints in field operations -drilling one well and working-over another. This effort led to a contract with the Geothermal Drilling Organization (GDO) for further analysis, fabrication, and testing of IDP, including the construction of a complete string of pipe which would be tested in field drilling.
II. Thermal Analysis
As shown in Figure 2 , the general form of IDP is a piece of conventional drill pipe with a liner welded into it and insulating material in the annulus between the two tubes. This annulus is created by the configuration of conventional drill pipe, which is built by friction-welding tool joints onto a pipe body, with the joints having a smaller inside diameter than the body. This construction leaves an interval at each connection that has no insulation between the inside and outside of the pipe, but the effect of this is analyzed ]elow. For a unit length of IDP, the heat transfer, q, is calculated using the standard equation:
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(1)
q = 2?ZA1
where r = pipe radius, k = thermal conductivity, h = convective heat transfer coefficient, and the subscripts refer to the pipe radii as shown in Figure 3 . For conditions (radii, flow
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rates, fluid properties) typical of drilling, four of the five terms in the denominator of th .s equation are numerically of similar magnitude. Only the third term, which represents the low-conductivity insulation, is much larger than the others; e.g., using a conductivity value of 0.3 B/hr-ft-F (where B = British Thermal Unit) for the insulation gives a third term equal to 0.655 hr-ft-F/B, while the sum of the other four terms is 0.019 hr-ft-F/B. This means that for solid steel pipe the convective and conductive terms are relatively equal in importance, while the insulation dominates the total heat transfer for insulated pipe. A less-obvious consequence of this is that even a small amount of insulation has a significant effect on heat transfer; in other words, the insulation doesn' t have to be extremely efficient.
Another limit on minimum heat transfer is set by the uninsulated tool joints at each end of each piece of pipe (Figure 2 ), which would conduct heat even if insulation in the pipe body were perfect. In considering possible insulation materials, there are many kinds of plastic, glass, or rock that have conductivity, or k, values from 0.1 to 0.5 B/hr-ft-F, compared to steel at 26 or good insulators such as cork at 0.025 or glass wool at 0.022 B/hr-ft-F, so a key question is to determine what range of k value is necessary. In evaluating insulation requirements, however, calculated drilling fluid temperatures (including the effect of the tool joints) show that there is little difference in performance among IDPs with an insulating layer having conductivity values of 0.05, 0.3, and 1.0 B/hr-ft-F (Figure 4 ). These cases are compared to conventional drill pipe in the same formation temperature profile as in Figure 1 . Based on these considerations, dry sand with a k value of approximately 0.25 B/hr-ft-F was used for the insulation in the first prototype IDP. 
Drilling Fluid Temperatures
III. Mechanical Analysis and Pressure Test
Adding the liner tube and insulating material to standard drill pipe will affect stresses in the pipe in the following three ways:
. Axial stress -The liner tube will add weight, but will also add axial strength in the same proportion as the weight, while the insulation's weight is small compared to the steel tubes. If we assume no pre-load in either tube, then axial strain and stress will be the same in both tubes. If the liner tube's yield strength is equal to that of the drill pipe, then depth limits because of pipe weight will beonly slightly smaller than for conventional drill pipe. (There may, however, be a significant problem if the extra string weight exceeds the drill rig capacity.) Bending stress -Addition of a liner tube will increase the moment of inertia of the IDP's cross-section, compared to CDP, which increases stiffness both in bending and in torsion. For typical dimensions such as those used in earlier calculations, the increase in stiffness is about 20%. Hoop stress -The liner tube will be subjected to hoop stress because of internal pressure from fluid in the pipe. If the insulation is in good contact with the outside of the liner tube and inside of the drill pipe, however, some of the hoop load will be transferred by the insulation from the liner to the pipe. This effect is analyzed in more detail below.
Hoop stress support: Take a force balance on a cross section of IDP as shown in Figure  5 , with Pt and Pi equal to the test pressure and the pressure transmitted by the insulation, respectively, and~L and crpequal to the hoop stresses in the liner tube and drill pipe, respectively. Then, for drill pipe with ID/OD = 4.276''/5" and liner tube with ID/OD = 3.068''/3.5", 
Test assumptions and procedure:
The principle of the test was to apply an internal pressure to the IDP while reading strain in hoop and axial directions with strain gages placed inside and outside the pipe (see Figure 6 ). Deflections of both the inner and outer tubes can be calculated based on the assumption of "perfect" support described above, and also from an assumption of no support. Each of the two tested pipes was fitted with 9 hi-axial strain gages: two gages each inside and outside, oriented at 180°from each other, 36" from each end of the pipe; plus one gage in the center of the pipe-body outside diameter. The inside and outside gage locations all lay (within %" of each other) on a plane through the centerline of the pipe body. A pressure transducer was connected to the pump inlet line to monitor internal pressure; its output was compared during the test with a dial pressure gage at the inlet fitting, which showed good agreement.
Test results: After the internal gages were bonded into the first pipe, we ran the gage leads through its end caps, transported the pipe to a service company where the caps were tightened to 30,000 ft-lb (recommended make-up torque for this connection), returned the pipe to the DCS plant, and filled it with hydraulic oil. While the oil was being added to the pipe, we connected the wiring harness from the data system to the external gages and to the electrical feedthroughs from the internal gages, and then, for safety, lowered the pipe into a cased 10" diameter hole approximately 40' deep. Two of the internal gages (one hoop, one axial) could not be zeroed, apparently as a result of being shorted to ground, but we elected to continue the test rather than wait 24 hours for replacement with another set of gages (which would also have no assurance of proper operation). When we applied pressure inside the pipe (approximately 5000 psi), all the external gages appeared to be working properly (i.e., the direction -tension -was correct). The internal 4 gages, however, were extremely erratic, fluctuating from tension to compression at rapidly changing values. Some of the readings were consistent with a leak in the liner, " which would pressurize the volume between the liner and pipe, and calculation of hoop stress in the outer pipe, assuming pressure in that annulus, gave a value consistent with the hoop strain readings in the external gages.
We checked the instrumentation system in several ways: connecting a strain-gage simulator to one of the suspect channels in the data system; reading one of the suspect gages with a portable strain reader instead of the data system; and re-zeroing all the settings with no pressure in the pipe. All of these tests indicated that the gage readings represented real physical phenomena but did not explain their somewhat erratic behavior.
We next pulled the pipe out of the hole, drained the oil, and disconnected the wiring bundle from the external gages. Each end of the pipe was supported on a steel rack and the pipe was loaded in bending, then turned over and loaded again with bending in the opposite direction (relative to the gages). In all cases the internal axial gages gave readings which were in the correct tension/compression direction, further verifying our assumption that the gages and data system were operating properly. Finally, DCS built a hydraulic-ram fixture to load the pipe in compression; this test condition not only showed compression on all three functional internal-axial gages, but the magnitude was approximately correct based on a load calculated from the ram piston diameter and pump pressure. In short, the data from the external gages appears to be reasonable and correct, based on a leak in the inner pipe letting pressure into the annulus, but the leaky annulus prevents a reliable distinction between gage behavior and true variation. The only factor that was not simulated in the static gage tests was the presence of hydraulic oil under pressure.
The second pipe, after having its welds checked for leaks, was instrumented in exactly the same way as the first pipe. This pipe was also pressurized, first with an electric pump and then, after the electric pump would not go above approximately 8500 psi, with a hand pump. The highest pressure during the test was just over 12,000 psi. Test data from the second pipe were more reasonable, but still contained apparent anomalies and inconsistent behavior. Again, the external gages showed results that compare reasonably well with calculated strains, but there was more fluctuation in the internal gages.
Axial strains in the inner and outer tubes should be equal, since they should lengthen the same amount for a given pressure, and hoop stresses in each pipe will vary with the amount of support which is transfemed through the insulation. Using dimensions of the test pipes, calculated stresses in laboratory loading are the following:
.0682 =.985? , 52-4.2762+ 3.52-3.0682 (8)~in-hp = 3.7?, (from Eq 5), cr~X_~P = 2.48? for perfect insulation support, and (9)'i.-/p = 7.18, (from Eq 6), cr,X_kP = O with no insulation support.
In Eqs 7-9, Oa = axial stress, Oi..~P= hoop stress in the liner tube, and Oex.kP = hoop stress in the drill pipe.
In a general 3-dimensional stress state, strain is affected not only by stress in the direction in which it is being measured, but also by the Poisson effect of perpendicular stresses. For x-y-z coordinates,
# c,+ crZ , where E is the elastic modulus and v is Poisson's ratio.
Interpretation of measured strain values (hoop, axial) must include the Poisson effects and the gage correction due to internal pressure (-7 microinches/inch/ 1000 psi). Expected strains expressed in terms of test pressure and the dimensions of the pipe are then the following, given in units of microinches/inch.
(Assume Poisson's ratio = 0.3, there is no pressure term for the outer pipe, and the sign convention is that tensile strains are positive and compressive strains are negative.)
Perfect support:
No support:
The strain readings from the gages are compared to calculated values in figures 7-10. Figure 7) ; All gages start relatively close to the "no support" line, and the A and B gages stay with that lineup to a pressure of approximately 9-10,000 psi. At this same point, which is reasonably close to the 10,900 psi pressure calculated to produce yield with no insulation support, the C gage suddenly falls to a much lower value. It is probable that the inner tube yielded at this pressure, causing gage C to become either partially detached or otherwise non-functional, and causing the strain in gages A and B to exceed the elastic strain calculated with no support. This idea is supported by the large permanent strain seen in A and B when pressure is reduced back to zero.
Discussion of results: Internat hoop gages (
Internal axial gages (Figure 8):
Note that most of the strain here is compressive, which appears anomalous, but is caused by the Poisson effect of the much larger hoop strains at the same points. That is, the tension in the hoop direction causes a tendency for the strain to be compressive perpendicular to it, and this effect is larger than the tensile strain caused by the pipe's tendency to grow longer due to the internal pressure. Gage G shows erratic behavior, but this is the other half of gage C in figure 7, so it is consistent with that gage mounting becoming defective. Gages F and H generally show linear behavior in the region of calculated values, but it is not clear why they are so different. Figure 9 ): All these gages are reasonably consistent with the calculated "no support" line, although several of them tend to rise sharply at higher pressures. This could reasonably indicate that the insulation is taking more load as the inner tube expands and consolidates the silica particles. That assumption is also consistent with the hysteresis in the curves as pressure is applied and released to the pipe. That is, at equal pressures the strain is higher on the release cycle than on the pressurize cycle, which could be the result of more support from the insulation. Again, it is not clear why there are significant differences among these gages (which should theoretically read the same) unless the insulation beneath the gage locations is not uniformly packed, giving more support in some places than others. External axial gages (Figure 10 ): Data for the axial gages are generally consistent with the hoop gages; there is little variation among the five gages, and most of them tend to bend downward (toward the "full support" line) at higher pressure. Hysteresis in these * curves is in the "correct" direction, with strains lower on the pressure release cycle. It is not clear why all these curves fall closer to the "full support" than the "no support" line.
External hoop gages (
*
Application of test results:
In considering the depth limitations of IDP used in a well, there are two principal considerations: the weight of the pipe hanging in the hole creates a tensile load which defines a maximum depth which a uniform string of pipe can reach; and static head of drilling mud (plus pump pressure) inside the pipe approaches a limiting value of internal pressure that the liner pipe can withstand, assuming some amount of support from the insulating material in the annulus. The three principal stresses in the liner are cYP = internal pressure, o~= axial, and ah = hoop stress. These stresses are given by the following equations:
() In a general condition of combined stress, the von iklises theory is that failure will not occur if * where OYP= tensile yield stress, and 01> o*> 03.
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Because the pipe-weight stress (o,) is greatest at the top of the pipe and the mud-pressure stress (oh) is greatest at the bottom, their relative magnitudes (and order in the failure equation) will change. Calculating these relationships over the length of the drill pipe yields the results shown in Figure 11 , where the test pipe dimensions, along with mud weight of 10 lb/gal, pump pressure of 3000 psi, and pipe weight of 33 lb/ft, are used in the calculations. Assuming a material with 80,000-psi yield is used for the liner tube, then that stress is exceeded both at the top and at the bottom of a 20,000 foot well, but for a 15,000 foot well, the stress is below yield even with no support fi-om the insulation. There is considerable opportunity to manipulate other drilling parameters such as mud weight, mixed strings (not all IDP), and pump pressures to change the stress conditions for a given drilling scenario. As one example, curve 6 in Figure 11 shows the stresses in the top 10,000 feet of a mixed 20,000' string of pipe -the top 10,000' is IDP and the bottom half is normal 19.5 lb/ft drill pipe. By lowering the total weight of the drill string, axial and combined stresses at the top go below the tensile yield of the liner tube.
-
4
Note that the calculations for these cases are conservative, in that they are based on an empty wellbore annulus (no fluid). This means that axial stress at the top of the string is not reduced by buoyancy, and hoop stress at the bottom is not counter-acted by external pressure (assuming that external pressure can be transmitted through the insulation).
Conclusions:
The data from the pressure test, although not as repeatable as might be expected, indicated clearly that the insulation did not provide significant support to the inner tube, at least at lower pressures. It appears, however, that once the inner tube has yielded and taken a permanent deformation, then it will receive more support on subsequent loading.
Calculated stress values did seem to be generally consistent with the data, leading to some confidence that we can predict behavior of the IDP in a field situation. Given these assumptions, it appears that IDP is already suitable for drilling 15,000-foot wells, and with alterations of the drillstring configuration (replacing some of the IDP with normal drill pipe for reduced weight) it can be used to depths of 20,000 feet.
IV. Thermal Test
Sandia National Laboratories and Drill Cool Systems tested insulated drill pipe to measure the thermal conductivity of the pipe body and to assess the effect of un-insulated tool joints. The composite IDP, including the un-insulated joints, showed an effective conductivity that was less than 10% of conventional drill pipe.
The test procedure was to enclose a section of test pipe in a length of 9-5/8" casing, with separate supplies of water circulating through the test pipe and through the annulus between the IDP and the casing (see Figure 12 ). Test measurements were: cold water temperatures in and out, hot water temperatures in and out, hot and cold water flow rates, and pressure in hot and cold loops. 
I
By measuring the temperature rise through the test pipe and calculating the total heat flow necessary for that increase, given the average temperature difference between the two water streams, the conductivity of the pipe wall could be evaluated. (The heat-gain in the pipe was checked by also calculating heat-loss from the annulus; this heat-loss should be slightly greater than the heat-gain in the pipe because the casing, even though insulated on the outside, was also losing heat to the atmosphere.) The standard equation for heat flow through the wall of a cylinder with fluid flow inside and outside is:
where AT~,~= difference in average temperatures between flow in pipe and flow in annulus, hi, hO= convective heat transfer coefficients inside and outside pipe, respectively, L = pipe length, ri, r. = inside and outside radius of pipe, respectively, and kpip~= overall thermal conductivity of drill pipe wall.
Rearranging Eq 23 as shown below gives an expression in which all the terms on the right-hand side can be measured or evaluated from known quantities, and thus gives the cylinder's conductivity. (pwa,,, ) , where Q = flow rate of water through pipe.
The "test pipe" took three different configurations: (1) a straight section of conventional 5", 19.5 lb/ft drill pipe, (2) a straight section of double-walled, insulated pipe with 5" OD and 3.068" ID, (3) a section of IDP with an uninsulated NC50 tool joint in the middle. This combination allowed us to compare the insulating value of the IDP with CDP, and then to evaluate the effect of introducing an uninsulated section into the drill string.
When CDP was tested in the first series, Equation 24 did not give conductivity for the steel pipe body that was near the commonly accepted value of about 25 B/hr-ft-F. When the numerical values of the quantities in the denominator of the equation are examined, however, it is clear that the first term is very close to the sum of the second and third terms (which are fairly close to each other), so that small changes in any of these will have a significant effect on the quotient. The least-well-known quantities in the equation are the convective heat transfer coefficients, h, which are calculated from the semiempirical expression:
where k = thermal conductivity of the water D = inside diameter of the pipe, or hydraulic radius of the annulus, Re = Reynolds number, and Pr = Prandtl number.
To assess the effect of uncertainty in calculating these convective coefficients, a "correction factor" for them was introduced into Eq 24 that would give conductivity for the steel pipe of 25 B/hr-ft-°F. This correction factor became closer to unity as the flow rates increased, ranging from 1.7 when both Reynolds numbers were below 20,000 to a minimum of 1.21 when both Reynolds numbers were above 30,000 (that is, the coefficients calculated from Eq 25 were increased by 2170 to give the "correct" thermal conductivity for steel). It is possible that the correction factor could have become even smaller at still higher flow rates, but these were limited by the pump capacities.
When the conventional drill pipe was replaced with IDP, heat flow through the pipe walls was reduced dramatically. Using Eq 24 again, the effective conductivity of the composite pipe body (see Figure 13 ) was 0.41 B/hr-ft-F, compared to the value for steel of approximately 25. The "correction factor" used in the CDP test was essentially irrelevant here, because with IDP the first term in the denominator of Eq 24 is more than 10 times the sum of the second and third terms, and accurate calculation of the convective coefficients is not as critical as in the previous case.
In an actual IDP drillstring, however, the threaded connections (tool joints) between the individual pipes are not insulated. To evaluate the effect of these joints, an insulated pipe was cut in half, the male and female connections were screwed together, and this assembly was used as the test pipe. liner tube is 3.5"OD x 3.068"ID was 2.35 B/hr-ft-F, which was higher than calculations had suggested. The denominator of Eq 23 is often taken to be the overall thermal resistance, U, of a tube with fluid flow inside and outside. That is, Using measured values from the test series with the composite section, Lti = 5.48', which is considerably more than the tool joint's actual length of approximately 2 feet. This discrepancy may be caused by the reduced thickness of insulation where the ID of the drill pipe body necks down near the tool joint. The total k value for a complete drillstring must also be corrected for the fact that an average joint of drill pipe is approximately 32' long, compared with the 25' test vessel. Adjusting conductivity to reflect this additional length, the final composite conductivity value, based on pipe OD of 5" and ID of 3.068", for a complete drillstring is 1.93 B/hr-ft-F.
Given this value, the effect of IDP in a high-temperature well can be evaluated. The curves below (Figure 14) show calculated drilling fluid temperatures in a 10,000' geothermal well with several different drilkring configurations (the left-hand side of each curve is temperature in the drill pipe and the right-hand side is in the annulus). In these calculations, the composite conductivity of the IDP is assumed to be 2 B/hr-ft-F. Because IDP is heavier and more expensive than conventional drill pipe, an important variable in designing the dnllstring is the choice of whether to use IDP for the entire string. A partial IDP string would still have significant temperature advantages over CDP, but would be more economical and would not require as large a rig. Although the figure is rather busy, the key results are summarized in the table below. 
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0 strength considerations, the heaviest drill pipe should go at the top of the string anyway, so this is consistent with that criterion. In brief, the use of only 4,000' of IDP in a 10,000' drillstring can lower bottom-hole and maximum fluid temperatures from over 400"F to under 250"F, which is a critical difference for many types of tools which use downhole 4 electronics. 
V. Field Test
After encouraging results from analysis, laboratory testing, and field trials of 3 prototype joints of pipe, Drill Cool Systems fabricated a string (approximately 5500') of IDP to be used in actual drilling. This section describes a field test with this pipe.
Test PIan and Configuration:
The test was done in an Imperial Valley well that had the undisturbed temperature profile shown in Figure 15 (temperature profiles in the well before the CDP and IDP tests are also shown.) Summary test plan was to circulate first through the CDP at two different flow rates, then pull out of the hole, wait for it to return" to approximately the same beginning temperature profile as for the CDP, run in the hole with IDP, and circulate through the IDP at the same two flow rates as before. Another important objective of the test was to collect data for validation of GEOTEMP2, the software used since the beginning of the project to calculate effects of using IDP. At the time of the test, the well had casing/liner set to approximately 4100' but had not had the plug drilled out (i. Temperature was measured before and after each test with Sandia's resistance temperature tool and logging truck, and was measured during circulation with fiber-optic sensors both inside the drill pipe and strapped to the outside of the drill pipe. Other test parameters measured at the surface were flow rate, fluid temperature into the mud pumps, * fluid temperature out of the flow line, and standpipe pressure while pumping. The optical fibers were encased and protected by capillary tubing, and the capillary tubing inside the drill pipe was also used to suspend a Sandia pressure/temperature memory tool $ that stored bottom-hole data for retrieval after each test.
Test Results: About 34 hours after the last drilling activity in the hole (cleaning out cement after liner was cemented and turning hole over from mud to water) a temperature log of the hole was done and the conventional (4-1/2", 16.6 lb/ft) drill pipe was run in to 3600 feet depth. The pipe did not go all the way to the bottom of the liner because two 4000' pieces of optical fiber were not available. Circulation was begun at 300 gpm until one wellbore volume was displaced and then reduced to 150 gpm. After circulating at this rate for 2.5 hours, the flow rate was increased to 500 gpm for 2.8 hours. Results of this test are shown in Figure 16 . This figure also shows a comparison between actual Following this series of circulations, the CDP was pulled out and logs were taken to verify temperature recovery. After the wellbore temperature came back to approximately the same profile as before the CDP test, the IDP was run into the hole. The same test procedure as for the CDP was followed, although circulation was not maintained for as long a time because temperature variation was less with the IDP.
When beginning circulation in IDP at 150 gpm, the slug of hot water at the bottom of the hole moved up the annulus without the cooling effect normally contributed by the cool down-going fluid in the drill pipe. This meant that the much higher return temperatures caused some of the annular flow to flash to steam before temperatures stabilized. With the optical-fiber temperature profile measured in the annulus, however, it was possible to see the "bubble" of hot fluid moving up the annulus in real time, so that the driller could be aware of approaching boiling-point water. A time-lapse snapshot of annular temperatures is shown in Figure 17 . temperatures after resuming circulation are not acceptable, a few stands of conventional drill pipe could be placed at the top of the drill string to cool the returns as they near the surface; the CDP could then be quickly removed and replaced with IDP for dnilling.
The critical aspect of performance, however, is comparison of temperature with CDP and IDP at the s~e flow rate, having started at roughly~he same wellbore temperature profile and circulated for comparable times. This is shown in Figure 18 . After o 7
1000
.: approximately one hour of circulation (one hour after reaching flow conditions without flashing returns), bottom-hole temperature is 224°F with CDP compared to 112°F with IDP at 150-gpm flow rate, which fi similar to flow rates used with downhole motors. This bottom-hole temperature is that which would be seen by downhole motors, steering tools, or measurement-while-drilling (MWD) instrumentation -even in this relatively cool well the temperature reduction is substantial. The relatively high return temperature for IDP at 150 gpm ( Figure 18 ) is a function of the short circulation time -in another hour of circulation, return temperature had dropped approximately 20°F.
It is important to note that the bottom-hole cannot be effectively cooled by only lowering the mud inflow temperature; in the (calculated) case of CDP at 150 gpm illustrated by Figure 16 , for example, lowering the inflow temperature by 20°F would only lower the bottom-hole temperature by 5.8°F.
Hydraulics:
Because the IDP has a smaller average ID than the CDP (3.068" constant versus 3.826" pipe with 2.812" tool joints), there is a greater pressure drop through the IDP at equivalent flow rates. Frictional pressure loss can be measured by combining standpipe and bottom-hole pressures with static head of water at the appropriate temperature. At 500 gpm, pressure drops were 0.204 psi/ft in the IDP and 0.156 psi/ft in the CDP. This difference is less than might be expected from consideration of the diameters, but the tool-joint diameter reduction apparently has a substantial effect on pressure drop in the 4-1/2" drill pipe.
Extrapolation of results:
Based on the test results and on generally good agreement between the GEOTEMP2 model and actual temperatures, we can extrapolate predictions of IDP performance in deeper, hotter wells. One of the major considerations in using insulated pipe for a deep well is its greater weight (approximately 33 lb/ft). Because of the weight and expense, it maybe cost-effective for only part of the drill string to be IDP, and it is useful to know where in the string the IDP should be placed, as discussed earlier and shown in Figure 14 .
An alternative case with the same surface and bottom-hole temperatures, but with the high thermal gradient deeper in the well (break point in the hi-linear temperature profile is 400°F at 7000'), shows that position of the IDP is not as important and IDP does not change performance as much in this case. This is reasonable because the fluid is exposed to a lower average temperature during circulation. A summary of these results is shown below (compare with Table 1). 
VI. Conclusions
Given that there is agreement on the benefits of cooler drilling fluid, this project has had three major questions to answer: Does IDP actually perform as hoped and expected? Can we analyze and predict the performance of IDP in realistic drilling situations? What is the best way to fabricate the insulated drill pipe? Answers, to the best current knowledge, follow.
Performance: Two aspects of performance -mechanical and thermal -must be considered. The mechanical analysis and pressure test described in Section III indicate that IDP will be suitable for drilling 15,000' wells in its present configuration and can go even deeper if the drill string is only partially IDP. Hoop strength in the liner tube might be improved with better compaction of the insulation material, but this is discussed in more detail below. Even though the axial, hoop, and bending stresses appear reasonable, the principal remaining mechanical uncertainty is fatigue behavior. A statistically valid indication of this will probably have to come from field use. Experience with the prototype joints in drilling one well and working over another has so far revealed no problems.
Thermal performance has been good. Conductivity of the insulated pipe body has been very near what was calculated, and the field test indicated that effective conductivity of the entire string is reasonably well understood. Many of the potential applications for IDP are in deep gas wells or in geothermal wells that are deeper than is now common. A valuable data point would be an IDP test in a deeper hole, which would illuminate thermal, mechanical, and hydraulic performance in that environment.
Analysis and prediction:
As noted above, calculated effective conductivity of the pipe body is very near measured values, so the effect of changing thickness or type of insulation can be modeled with confidence. Predicting performance of IDP in a well is less certain, however, even though results from the field test described in Section V were encouraging.
A computer code, or wellbore simulator, called GEOTEMP2 has been used for all the modeling done in this project. GEOTEMP was originally written by an outside company under contract to Sandia and was later updated in-house as GEOTEMP2. It is a finiteelement program that calculates vertical and radial conduction in the rock, casing, and cement; conduction through the drill pipe; and convection at the wellbore wall and inside and outside the drill pipe. In comparison with actual data and with other wellbore simulators, GEOTEMP2 gives generally good agreement, but there are certain limitations in its use: it will not accept a change in casing diameter (i.e., it will not model a liner); it does not handle aerated mud well; calculated return temperatures are lower than indicated by field experience; and the temperature information required for the model is often unavailable in the field. In spite of this, the code is a useful tool to evaluate the effect of changes in IDP design, well configuration, or drilling conditions.
P]pe fabrication:
In considering the general concept of insulated drill pipe, there are three basic approaches: single-wall tube with insulation coating on the inside; single-wall tube with insulation on the outside; and double-wall tube with insulation in the annulus, or volume, between the tubes. Advantages and disadvantages of each method are summarized below. 
VII, Recommendations
The IDP development program described above has led to several recommendations for changes that should improve the performance and acceptance of this product in the field.
" Develop insulation material for single-wall pipe -As shown in Table 3 , there are significant advantages to single-wall pipe with an insulating coating. This is not an easy task, however, because the coating must not only have low thermal conductivity, but must be tough enough to resist cracking, must be strongly bonded to the pipe wall, must resist abrasion from particles in the drilling fluid, and should have thermal expansion relatively near steel to prevent inter-laminar stresses when the pipe heats up. Nevertheless, it is a goal worth pursuing and should probably be the highest priority among these recommendations. " Improve insulation compaction for double-wall pipe -Because the liner tube in IDP partially depends on the insulation for structural support, better compaction of the insulating material, or possibly adding a liquid resin to the granular insulation, would give better support.
s Run longer IDP string -The field test used a relatively short (3600') string of IDP. Even though the wellbore simulator showed good agreement between measured and calculated results, field experience with longer strings (or mixed IDP/CDP strings) would improve confidence in IDP.. w Pe~ormj?eld tests in hotter, deeper wells with different temperature profile -The field test was representative of some types of geothermal operations, but did not reflect temperatures as high as those commonly encountered in drilling. The temperature profile was also more typical of geothermal wells than of deep, hot gas wells, which are expected to be one of the major applications for this technology. ' Improve wellbore simulator -Although the GEOTEMP2 simulator used for the calculations in this report gives good agreement with field data, it has a number of shortcomings (noted on p. 27) in operation. An improved simulator that addresses most of these problems, and has a Windows-like graphical user interface, is under development by a contractor but functional results are not yet available.
